ABSTRACT Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae), glassy-winged sharpshooter, was collected in California and several states in the southeastern United States in 2002 and 2003 and analyzed for endosymbiotic bacteria. Hemolymph, eggs, and bacteriomes were examined for the presence of bacteria by polymerase chain reaction. A subset of hemolymph and egg samples had their 16S rRNA gene amplicons cloned and sequenced or analyzed by restriction digest patterns of samples compared with known bacterial DNA. Baumannia cicadellinicola, one of the primary symbionts of glassy-winged sharpshooter, was found in the majority of hemolymph samples, although it has been considered until now to reside primarily inside the specialized host bacteriocytes. Wolbachia sp., a common secondary symbiont in many insect taxa investigated to date, was the second most frequently detected bacterium in hemolymph samples. In addition, we detected bacteria that were most closely related (by 16S rRNA gene sequence) to Pseudomonas, Stenotrophomonas, and Acinetobacter in hemolymph samples of one and/or two glassy-winged sharpshooters, but their origin is uncertain.
The glassy-winged sharpshooter, Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae), threatens many crop and ornamental plants as a vector of the plant pathogenic bacterium Xylella fastidiosa (Hopkins and Purcell 2002) . Pathogens or other microbial associates of this insect have not been used to date as biological control agents or contributors to the control of these pests, largely because no good candidates are known. There has been some effort to discover viruses (Hunnicutt et al. 2006 ) and gut bacteria that might be of interest toward paratransgenesis (Bextine et al. 2004) .
Two symbionts, the gamma-proteobacteria Baumannia cicadellinicola and a newly described symbiont in the phylum Bacteriodetes, Sulcia muelleri, have been reported from the bacteriomes (symbiont-containing organs) of glassy-winged sharpshooter (Moran et al. 2003 , Wu et al. 2006 . However, of particular interest to us in this study were the bacterial associates that are facultative (also referred to as "secondary"), i.e., they occur in some individuals or populations but they are not required by their hosts for survival, and they might be introduced into, or augmented, in pest populations. The biological and ecological importance of such facultative symbionts has been shown in related sternorrhynchan Hemiptera, such as aphids (Leonardo and Muiru 2003 , Montllor et al. 2003 , Ferrari et al. 2004 , Oliver et al. 2005 , Scarborough et al. 2005 . Facultative bacterial associates have been described in a variety of auchenorrhynchan Hemiptera, including leafhoppers (Swezy and Severin 1930 , Schwemmler 1974 , Purcell et al. 1986 ). Some of the most extensive studies on the effects of facultative symbionts on insect hosts involve Wolbachia, a transovarially transmitted bacterium that occurs in 20 Ð76% of investigated insect species (Weeks et al. 2002 ) with a range of interesting effects on reproduction of its hosts (Stouthammer et al. 1999 , Koivisto et al. 2003 . Wolbachia has been described from testes of glassywinged sharpshooters (Moran et al. 2003) and was detected in glassy-winged sharpshooters collected on the island of Oahu, HI, in 2005 (R.P.P. Almeida, personal communication), although its effects on this leafhopper remain unstudied. Although Wolbachia has "helped raise the awareness of the potential contribution of endosymbionts, it is important not to discard other alternatives" (Weeks et al. 2002) . Our approach was to investigate whether other alternatives exist for glassy-winged sharpshooters.
In this study, we surveyed populations of the glassywinged sharpshooter for bacterial symbionts that might be exploited to manipulate its biology. We looked for and identiÞed any naturally occurring bacteria in glassy-winged sharpshooter populations from a wide geographical range, including areas in which they are native (southeastern United States) and areas where they have recently become established (southern California).
Materials and Methods
Insects. Glassy-winged sharpshooters were Þeld-collected in spring and summer 2002 and 2003 in various locations of the southeastern United States, and in southern California (Table 1) . Laboratoryreared glassy-winged sharpshooters also were obtained from a California Department of Food and Agriculture (CDFA) rearing facility in BakersÞeld, CA, on several occasions in 2003. Some insects were tested immediately upon collection, and others were transferred to an insectary at University of California, Berkeley, and kept in culture on basil, Ocimum basilicum L., mugwort, Artemisia vulgaris L., and grape, Vitis vinifera L. plants in large Plexiglas cages, for subsequent testing. The latter insects were caged together for one to several weeks to facilitate exchange of any potentially horizontally transmitted facultative symbionts. In several cases, long-term insectary colonies were established from Þeld populations to enable repeated sampling.
Hemolymph samples were taken from adult insects (immobilized by chilling or a 60-s exposure to carbon dioxide gas) with a Þne glass needle inserted into the thorax between the meta-or mesothoracic legs. The paired bacteriomes containing so-called primary symbionts occur in the anterior one third of the abdomen and should not be accessed by a needle directed anteriorly in the thorax. In a subset of insects (seven males and seven females), hemolymph was collected from a pulled leg and subsequently from a thoracic puncture, and it was analyzed for the presence of the primary symbiont Baumannia by polymerase chain reaction (PCR) (see below). No attempt was made to quantify the volume of the sample (most were Ͻ0.5 l). Each sample was immediately added to 10 l of sterile phosphate-buffered saline (PBS) in a sterile 1.5-ml Eppendorf tube and stored at Ϫ20ЊC. Control drops were collected on several insects to determine what kind of contaminants might be found externally. Control drops consisted of PBS pipetted onto the body surface and then taken up with a needle (insect check) or PBS alone (PBS check). DNA was extracted from hemolymph samples by using a DNeasy tissue kit (QIAGEN, Valencia, CA) according to manufacturerÕs instructions. Eggs and bacteriomes (both red and yellow; Moran et al. 2003 ) also were collected from selected insects, rinsed repeatedly in sterile PBS, ground in lysis buffer (0.1M Tris-HCl, 0.1 M EDTA, and 10% SDS) with a plastic pestle and incubated at 65ЊC for 30 min. Protein was precipitated with 5 M potassium acetate. DNA in the supernatant was precipitated with isopropanol, and after centrifugation the resultant pellet was resuspended in water.
Screening for Bacteria. Extracts of hemolymph samples were Þrst screened for bacterial 16S rRNA by PCR with universal primers 10 F and 1607R, as described previously (Unterman et al. 1989) . A subset of positive samples was cloned using Invitrogen TOPO One Shot (Carlsbad, CA), according to manufacturerÕs instructions. Clones were screened for 16S rRNA gene inserts, digested with one or more of the following restriction enzymes: AluI (Promega, Madison WI), MspI and Hha (New England BioLabs, Ipswich, MA), or sequenced (University of California Berkeley DNA Sequencing Facility). In some cases, clones of Baumannia and Wolbachia were identiÞed by digest pattern alone. Samples that were positive for 16S rRNA also were subjected to further analysis, including PCR screening for Wolbachia and Baumannia. Primers to detect Baumannia were Bau1 F (5Ј-ACT AGCTAGCTAGAGTATC-3Ј) and Bau1R (5Ј-TCG TACTTGAGTGTC-AGTTT-3Ј) or Bau1 F and 1507R (5Ј-TACCTTGTTACGACTTCACCCCAG-3Ј). AmpliÞcation was performed with 35 cycles of denaturation at 95ЊC (1 min), annealing at 40ЊC (1 min), and extension at 72ЊC (1 min); a Þnal extension was performed at 72ЊC for 10 min. For Wolbachia, we used primers and conditions as published previously (OÕNeill et al. 1992) . Egg samples also were screened for bacterial DNA by cloning and sequencing and for Wolbachia by PCR. Bacteriomes were screened for Wolbachia by PCR.
Results
More than 400 DNA extracts from Ϸ200 insects were screened for bacterial DNA (Table 1) . Sixty-four percent (132/205) of hemolymph samples from all localities tested positive for bacterial 16S rRNA by PCR. DNA from 25 glassy-winged sharpshooter tissue samples (hemolymph and eggs) from 17 individuals was chosen for cloning, and 19 samples from 10 individuals produced multiple-transformed Escherichia coli colonies with bacterial 16S rRNA gene inserts. Inserts from 137 of these colonies gave identiÞable sequences by BLAST search (www.ncbi.nlm.nih.gov) or by restriction digest patterns (restriction fragment length polymorphism) identical to that of an already identiÞed sequence. The most common sequences were identiÞed (Ͼ99% sequence identity) as Baumannia cicadellinicola, a bacteriome-associated symbiont of the glassy-winged sharpshooter (Moran et al. 2003) ( Table 2) . We screened an additional 84 hemolymph samples for Baumannia by PCR, and 67% were positive. In adult glassy-winged sharpshooter from a laboratory colony from which we collected hemolymph from a pulled leg, followed by hemolymph collected from the thorax, Baumannia was detected by PCR in both leg and thoracic samples from six of seven females and Þve of seven males. No Baumannia were detected in either leg or thoracic samples from three insects. Wolbachia a common facultative symbiont of many insects, including glassy-winged sharpshooter (Moran et al. 2003) , also was cloned or otherwise identiÞed (by PCR) from hemolymph, bacteriomes, and eggs of California, Florida, and Louisiana glassywinged sharpshooter. We tested extracts that were positive for 16S rRNA for Wolbachia by PCR. We found Wolbachia in 10% (8/84) of hemolymph samples, 55% (17/31) of bacteriome samples, and 57% (20/35) of egg samples. These Þgures are probably conservative, and they indicate that Wolbachia is a common bacterium associated with glassy-winged sharpshooter.
We also detected bacteria with identity similar to Stenotrophomonas, Pseudomonas, Acinetobacterm and a beta-proteobacterium within the MND1 clone group ( Table 2 ). All of these bacteria were rare (occurred in one or two insects), and they may represent environmental contaminants.
We did not detect any bacteria in PBS buffer alone. Bacteria were detected in two of 17 buffer samples that were pipetted onto the outside surfaces of 17 different insects. One sample contained bacteria identiÞed as Pseudomonas, Acinetobacter, and two other bacteria with homology to methylotrophic (methaneusing) bacteria. The second sample contained bacteria identiÞed as Baumannia. The presence of Baumannia in a control sample indicates that there was contamination from the interior of the insects, perhaps from bleeding caused by handling.
Discussion
The only common and widespread facultative endosymbiont discovered in the hemolymph of H. coagulata was Wolbachia. Wolbachia was described from glassy-winged sharpshooter (Moran et al. 2003 ), but its prevalence had not been documented previously. More surprising was that Baumannia was exceedingly common in hemolymph samples, contrary to expectation. Primary symbionts have been assumed to occur intracellularly in bacteriocytes except while en route to eggs or embryos (Buchner 1965) , but the frequency with which they were detected in this study belies that assumption. Baumannia was detected in the majority of hemolymph samples of both males and females, further corroborating the conclusion that its presence in hemolymph is not solely due to transport to ovarioles via hemolymph.
Grape endophytic bacteria (Alcaligenes sp., Chryseomonas sp., and Ralstonia sp.) have been isolated from glassy-winged sharpshooter (Bextine et al. 2004) , especially from the alimentary canal (Lauzon and Miller 2003) . We did not detect these bacteria in glassy-winged sharpshooter hemolymph. Pseudomonas was previously isolated from grapevine xylem sap (Bell et al. 1995) , and its presence in hemolymph samples is intriguing. However, it is a common airborne bacterium (Andersson et al. 1999) , and it also was isolated from the surface of a glassy-winged sharpshooter in this study. Examples of the rare bacteria we found in glassy-winged sharpshooter but isolated from other insects include Stenotrophomonas isolated from the sugarbeet root maggot, Tetanops myopaeformis (Rö der) (Wozniak and Hinz 1995) , and from midgut of a midge (Campbell et al. 2004) ; Stenotrophomonas and Acinetobacter isolated from the honey bee, Apis mellifera L. (Evans and Armstrong 2005) ; and Pseudomonas isolated from ticks and ßeas (Murrell et al. 2003) and from the abdomen of a chrysomelid beetle (Schalk et al. 1987) . Many other examples occur in the literature of bacteria in the genera Stenotrophomonas, Pseudomonas, and Acinetobacter associated with insects (some associated orders are listed in Table 2 ). It is possible that our detection of these microbes was due to contamination of our samples from ruptured midguts during sampling. None of these bacteria occurred with any frequency or consistency in our glassy-winged sharpshooter samples. The lack of bacteria in a substantial proportion of samples does not necessarily indicate that no bacteria were present because some samples were very small, and PCR would not be expected to be 100% efÞcient at detecting them. Our intent was not to make an exhaustive determination of the types and occurrence of bacterial inhabitants of hemolymph but rather to try to detect any common bacteria. We did not detect the other bacteriome-associated symbiont of glassywinged sharpshooter, S. muelleri, because it is not ampliÞed by the "universal" primers we used (Moran et al. 2003) ; its presence or absence in hemolymph, therefore, is not resolved. Our results with Baumannia suggest that it would be interesting to probe hemolymph for this second, presumably obligate, endosymbiont.
